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ABSTRACT

This applied research project has designed, sinulated,
constructed and tested the performance of a processing
system for a prototype direction finding antenna. A m xed
signal architecture to derive the direction of arrival from
a Robust Symmetrical Nunber System (RSNS) encoded direction
finding array is based on a new phase sanpling
interferoneter approach that can be easily incorporated
into established techniques to provide a high resolution,
smal | -baseline array with few nunber of phase sanpling
conpar at ors. The approach is based on preprocessing the
recei ved signal using the RSNS. The preprocessing is used
to deconpose the spatial filtering operation into a nunber
of parallel suboperations (noduli) that are of smaller
conmput ati onal conplexity. A much higher direction finding
spatial resolution is achieved after the N different noduli
are used and the results of the | ow precision suboperations
are reconbined, in addition to the reduction of the nunber
of possible encoding errors due to the RSNS inherent G ay-
coding properties. This has resulted in a four inch
antenna array being able to attain an angul ar resol ution of
less than 1.8 degrees with a continuous field of view of
120 degrees. The acconpanying electronics occupy tw 6
inch by 8 inch printed circuit boards, making this system

ideal for platforms with limted space and vol une.
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. 1 NTRODUCTI ON

A DI RECTI ON FI NDI NG SYSTEMS

Direction Finding (DF) systens find applications in
many  areas. Wldlife managenent, t el econmuni cati ons
personnel, law enforcenment and the mlitary all have
inmportant applications that require knowl edge of the
direction of radio signals. Radio DF systens generally
take advantage of a known antenna response to incident
pl ane waves in order to estimate the angle of arrival (AQA)
of a signal. Performance neasures of a DF system include
accuracy, resolution, bandw dth, signal-to-noise ratio,
field of view (FOV), and physical attributes (size, weight,
geonetrical shape, etc.). Anot her consideration is the
processing el ectronics or conputational resources necessary
to extract the angle information from the antenna signal
[1]. This thesis describes a DF system that provides a
hi gh-resolution, small baseline array with fewer nunber of
phase sanpling conparators (i.e., reduced electronics) and
a circuit board with a relatively small footprint.

The approach presented in this thesis is based on
preprocessing the received signal using Symmetrical Nunber
System (SNS) encoding of the antenna waveform  The Optinum
Symmetrical Nunber System (OSNS) approach is presented in
the work of Hatziathanasiou [2]. | mprovenents on the OSNS
resulted in the Robust Symmetrical Nunber System (RSNS)
approach was addressed in the work of Wckersham [3] and
York [4], and is extended here. The SNS preprocessing is
used to deconpose the spatial filtering operation into a
nunber of parallel sub-operations, N, that are of snaller

conput at i onal conpl exi ty. Each sub-operation is a



separately configured interferoneter whose phase output is
a symetrically folded waveform that folds at an integer
mul ti ple of the nodul us. A small conparator |adder md-
| evel quantizes each fol ded phase response. Consequent |y,
each sub-operation only requires a precision in accordance
with that nodulus. A much higher DF spatial resolution is
achieved after the results of these |ow precision sub-
operations are reconbined. By incorporating the OSNS or
RSNS preprocessing concept, the field of view (FOV) of a
specific configuration of interferoneters and phase
sanpling conparator arrangenents can be analyzed exactly,
wi t hout anmbiguity [1].

B. PRI NCl PAL CONTRI BUTI ONS

This thesis has focused on the design and manufacture
of an inproved RSNS Signal Processing Circuit to operate in
conj uncti on Wi th a previ ously construct ed ant enna.
Principal contributions consist of inproved and sinplified
digital processing wth a reduction in the acconmpanying
analog circuitry’ s size. A digital readout in degrees was
al so added to enable instant visual readability.

The previous RSNS Signal Processing Crcuit was
designed and inplenented wutilizing Electrically Erasable
Programmabl e Read-Only Menory (EEPROM chips, necessitating
a large amount of electronic overhead and conplex digital
processi ng. The previous approach also precluded a
conprehensive conputer simulation of the circuit in its
entirety because the available design software contained
program limtations that did not allow sinulation of the
circuit as a unit. Results from the previous design had

significant errors in the final transfer function, but



proved the viability of the system and provided sufficient
inmpetus to continue the project. The current design
utilizes conbinational logic in its sinplest fornms, thus
reducing conplexity and probability for error in digital
pr ocessi ng. Simulation was conpleted for the current
digital processor in its entirety with excellent results.

The anal og portion of the new RSNS Signal Processing
Circuit was designed wth high accuracy and conpact
electronics as priorities. To this end, integrated circuit
chips were selected that contained nore than one electronic
conponent and have internally inplenmented functions such as
hysteresis and pull-up resistors. This resulted in the
RSNS Si gnal Processing Circuit occupying two printed
circuit boards (PCBs) neasuring 6 inches by 8 inches each.

A digital readout was added at the processor output to
allow instant visual readability by an operator. Thi s
di splay includes an error indication feature that actuates
when the digital logic determnes that the analog signals

do not correspond to an ACA within the systenis FOV.

C. THESI S OUTLI NE

Chapter Il of this thesis provides a brief review of
phase sanpled interferonetry. Chapter 111 describes the
RSNS and the work of York [4] and Wckersham [3]. Thi s
chapter presents previous work done in DF antenna systens.
Chapter |V presents the current design and inplenentation
for an inproved RSNS Signal Processing Crcuit. Chapter V
details the testing and evaluation perfornmed to validate
the RSNS Signal Processing Circuit both before and after
manuf act ur e. Chapter VI presents conclusions of this

proj ect and proposes some avenues for future work.

3
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1. PHASE SAMPLED | NTERFEROVETRY

A two-elenent linear array is shown in Figure 2.1.

The two antenna el enents are spaced a distance d apart and
t he incident plane wave arrives wth bearing angle &,, which
can take on values n/2>6,>-n/2 in the visible region. The
antenna response to an incident plane wave can be cast in

the form of a sinusoidal function of 8,, which is a folding

wavef orm
IMCIDENT
WAVEFRONT
Element 2 Element 1
\ : \
| MIXER Q? |
I LFF | Phase detector
Vot
SIGHAL
PROCEISOR
&04, 8,

Figure 2.1: Two-Elenent Interferonmetry. [From Ref 1]

There are several ways of generating a folding
waveform at the array output. Al t hough conventi onal
beanform ng (i.e., summ ng the elenent outputs) provides a

si nusoi dal output vs. incidence angle, the anplitude of the
5



antenna output is not constant due to the elenent factor.
Variable gain anplifiers could be added at each elenent to
provi de constant output. Digital beanformng using a
coherent detector at each elenent would also provide a
means of generating a folding waveform One nethod of
obtaining a constant anplitude folding waveformis detail ed
in Figure 2.1 The individual elenment outputs are
anplified then mxed (multiplied together and | owpass
filtered), resulting in an output signal whose frequency is
the difference of the two input signal frequencies.
Because the signals have the sanme frequency, the m xer
out put voltage is

2

v, = V?cos(kd sin(4,)) (2.1)

O

wher e kf:gﬂ, V is the maxi mum value of the voltage at the

antenna elenments, and A is the wavel ength.

The output voltage is a periodic waveform that
contains the plane wave AQA information. Anbi guities are
generated for baselines where d>A/2. That is, the output
voltage is highly anmbiguous wth a single value of voltage
corresponding to many angles of arrival. The nunber of
folding periods n that occur within an ACA of 7 radians is

;1:%?n For example, with 4=754, n =15 folds are avail able

in the visible region.

The anbiguities wthin the symmetrical fol di ng
wavef or m can be resol ved by usi ng addi ti onal
interferoneters in the |inear array. A common approach is
to have each interferoneter in the l'i near array
symmetrically fold the antenna response with the folding

period between interferoneters being a successive factor of
6



t wo, for exanple d,=2d,=4d,=84,. H gh-speed binary
conparators can then be used to produce a digital Gay code
out put . The folding waveforns are shifted appropriately
using a phase shifter in each channel to achieve the Gay
code result. The folded output from each phase detector is
then quantized with a single conparator wth a nornmalized
threshold level T = 0.5. Toget her, the conparator outputs
directly encode the signal's AOCA in the Gay code format.
Thi s approach makes use of the periodic dependence of the
interferoneter's phase response on the incident plane
wave's AOA and the distance between the elenents of each
interferoneter.

One of the major linmtations associated with the above
approach is the achievable resolution for a fixed naxinmm
basel i ne. For the folding periods to be a successive
factor of 2, the distance between the elements nust al so be
doubl ed. That is, an 8-bit DF antenna using the previous

scheme would require elenent spacings A/4,A/2,A,...,324 with a

total baseline length of 32A4. Thi s di stance-doubling of
the elenment spacings requires conplex analog hardware and
adversely affects the physical inplenentation of the DF
architecture. This doubling also gains only one digital
bit of information per interferoneter and wultimately
constrains the achievable resolution [5].
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1'11. PREVI QUS RSNS DI RECTI ON FI NDI NG SYSTEMsS

A ROBUST SYMVETRI CAL NUMBER SYSTEM BACKGROUND
In the RSNS, N different periodic symretrical
wavefornms are used with pairwise relatively prinme integers

mi, my, ...,mn. The RSNS is based on the foll owi ng sequence

X, =[0,1 2, m=1,mm=1-,2,1] (3.1)

where X, is a row vector and mis a positive integer (m >

0) [6]. In an N-channel RSNS, where N = 2, the basic

h

sequence for the i'" channel (nodulus m) is

xmz :[090"“:03051719"':LL"')mam:"'vmam:“'7191:'“’1:1] (3 2)

In this sequence each value in the X, row vector is put N

times in succession. This sequence is repeated in both
directions, formng a periodic sequence with the period
PRSNSZZmN (3 3)

Considering a single channel, the discrete states of the

robust synmetrical nunber system can be expressed as [ 6]

{n_S[J’ s, <n<Nm, +s, +1
N
g: IONm. +N—-n+s. —1 (34)

where g is the n'"™ term of channel i, m; is the channel
nmodul us, s; is a correspondi ng sequence shift s; =0, 1, 2,.,
N-1 (nmod N) and N = 2 is the nunber of channels in the
system  The val ues {si, s2...,sn} must form a conpl ete residue
system nodul o N. Because of the relative property of the

9



shifts, one of the shift values will be set equal to 0. The
index n corresponds to the input value. The discrete states
of the RSNS are indexed using the s,=0 row vector with the
index starting from the first zero. Note that the |argest
integer within each periodic sequence is the nodul us m.

An N-channel RSNS is fornmed of vectors by picking N
moduli m;, and N shift wvalues s, 1 < i < N. Since the
fundanmental period for channel iis 2Nm;, it follows that the

period for the RSNS vectors nust be a nultiple of 2Nm.
Therefore the fundanental period for the RSNS is [ 6]

PFRSNS = [2m1N, 2m2N,..., 21’]’[}\/]\]] ( 3. 5)

where [a, ay, ...,ay] 1S the |least common multiple of aj a .., an.

From nunber theory

PFrsys = 2N[my, my,..., my] (3.6)

To illustrate the RSNS, Figure 3.1 shows the folding
waveform and integer values within each nodulus for m=5
(shift $=0) m,=6 (shift s,=1). Note the Gray-code properties
from one code transition to the next. The thresholds shown
on the vertical axis represent the integer values wthin
each RSNS nodul us. The integer values occur N=2 tinmes in

successi on.

10



+ M =727 >

0011 21233 44606 44 3322117001122 33 44 0546]4
T=§ =— = = =
T=d4 7 ~ ]
Te3 L~ N jf/
T=1 ] N

] -\“-_ _r“"-/' m

T=1 S1

TOpo( 1212|3134 (485|666 (a|a(4]|4]3|F|2(2)1(1)0(0[1]12]2]3]3
TzE = = M
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T=1 = \HM =
T=12 = e N =
Tzl

0 I 1 13 4 5 [ 7 B 19 m 112 13 14 1§ & 17 18 19 0 2 212 23 M 1§ I 217 I8 19 30 31 131

Figure 3.1: Folding Waveforns and I nteger Values Wthin
Moduli m; = 5 and m, = 6 for the RSNS. [From Ref 4]

The system dynanmic range (M) of the RSNS is the
maxi mum nunber of distinct vectors wthout a redundancy.

The selection of the shift and the pernutati ons anong the 2
nmoduli has no effect on M. However, the point indices

corresponding to M (beginning point and ending point) are
different. Let m; and m, be relatively prine integers, 5<m
<mp. The system dynam c range of the two-channel RSNS with

modul i m; and my i S
dm+2my- 4 (3 7)
when m<m;+2, and

4m1+2m2-2 (3 8)

11



when my;>m +3 [7]. When m=8 and m,=17, M =64, which fits

equation 3. 8.

B. RSNS PROTOTYPE ANTENNA
To denonstrate t he ef ficiency of t he RSNS

preprocessing, the design of a 6-bit antenna using m = 8
and m; = 17 is considered [3]. A schematic diagram of the

RSNS antenna is shown in Figure 3.2 for shifts of s5=0, s=1

resol uti on bins.

Lowr-Noise
— Arplifiers

4-Bit
Thermometer |—

LPF Phase LPF LPF

detector | J
v 4
\>-|_9 T 4

to _—
Binary |
Encoder RSNS

Power

Splitter | Phase
Shifters

|
I
|
3 |
I I
S
I
[
)
<:] GEE
| E
E 'S
I 8
o0
(IZI||||K//57

to
NMSB Biary

1

\VAVA

Bias
Phase Armplifiers T =
detector

oYY

VAVAVAN N f

1

T

t

V i7 ‘\7 \l?{ ‘7 i7 ‘7 ‘7

t

Comparators ¢

~

Oy

Figure 3.2: Block D agramof the Unscal ed, Oiginal RSNS
Ant enna System [From Ref 3]

The nunber of folds within each nodulus is given by

12



A

M M
" Py 2mN

1

(3.9)

or m=2 and mn,=0.94. The required distance between antenna
el enments is

MA
4dm.

1

Py

(3. 10)

1

d.=nl.i=
2

=

Wth a scale factor of {:2/J§, di=1.70 inches and d,=0.80
i nches. For a normalized folding waveform anplitude (-1 to

1), the threshold for the ;" comparator for the modulus m
channel is [6]

V., =cos| — 27 (3.11)

Jsm;

The i nput si gnal is applied in parallel to both
interferoneters. The output from each phase detecting m xer
is anplitude analyzed wusing m; conparators. For this
design, there are a total of 25 conparators with a nmaxi num
of 17 loaded in parallel. An RSNS-to-binary logic block
translates the RSNS residues (nunber of conparators ON in
each thernoneter code) to a nore convenient representation.
The logic block and corresponding bin nunber are shown in
Fi gure 3. 3.

13



Vector [Mod 8| Mod 17| Bin | Vector [Mod 8| Mod 17| Bin | Vector [Mod 8| Mod 17 | Bin
1 0 0 34 1 16 13 67 1 1 46
2 1 0 £ 1 17 14 68 2 1 47
3 1 1 36 2 17 15 69 2 0 48
4 2 1 ar 2 16 16 70 3 0 49
5 2 2 38 3 16 17 71 3 1 50
5 3 2 29 3 15 18 72 4 1 51
7 3 3 40 4 15 19 73 4 2 52
8 4 3 41 4 14 20 T4 5 2 53
9 4 4 42 5 14 21 75 5 3 54
10 5 4 43 5 13 22 76 5] 3 55
11 5 5 44 ) 13 23 7T 5] 4 56
12 § 5 45 3] 12 24 78 i 4 57
13 ] ] 46 T 12 25 79 K 5 58
14 7 6 47 7 11 26 30 8 5 59
15 7 7 48 8 11 27 31 8 ) 60
16 8 7 49 8 10 28 82 i ) 61
17 g g 50 7 10 29 83 i 7 62
18 7 g 51 T g 30 84 & T 63
19 7 9 52 B 9 31 85 B 3
20 ) 9 53 ) 8 3z 86 5 8
21 ) 10 0 54 5 8 23 87 5 9
22 & 10 1 53 & Fi 34 88 4 9
23 5 11 2 56 4 K 35 89 4 10
24 4 11 3 57 4 B 36 90 3 10
25 4 12 4 58 3 5] a7 91 3 11
26 3 12 5 59 3 5 38 9z 2 11
27 3 13 & 60 2 & 39 93 2 12
28 2 13 K 61 2 4 40 94 1 12
29 2 14 8 62 1 4 41 95 1 13
30 1 14 g 63 1 3 42 96 0 13
31 1 15 10 64 0 3 43 96 0 14
32 0 15 11 65 0 2 44 97 1 14
33 0 16 12 66 1 2 45 98 1 15

Figure 3.3: RSNS Logic Block. [From Ref 3]
A consequence of quantizing the angle of arrival into
a bin is that the RSNS reports any signal that falls within
a binas if it arrived at the bin center, . This results
in a quantization error with a maximum value of half the
bin w dth. The AQA resolution or bin wdth in &space for
the #" binis

- p + -_— y
¥, = arcsin 2/{_]\1[2 —arcsin Zk—MM (3.12)
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Anot her advantage of the RSNS is that small phase
errors can be tolerated without a serious error in the
reported ACA due to the inherent Gay Code properties.
These phase errors cause the fol ded waveform from the m xer
to shift, thus triggering an incorrect conparator state
change. Because the waveforns from the mxers are

quantized, the bin wdth or r relaxes the requirenments on

the antenna circuitry and limts AOA reporting errors to
t he adjacent quantization levels (bins). However, there is
a limt to this feature. If the phase error becones too
great, the conparators will not change state in the correct

sequence, which may or may not correspond to a code that is

A

mapped in the dynam c range, M. For the system designed,
a tolerance study determned that a phase error of 6° is
acceptable in the nodulus 17 channel and a phase error of
12° in the nodulus 8 channel. Figures 3.4, 3.5 and 3.6 show
the sinmulated transfer function. Figure 3.4 is the
transfer function with no phase error in both channels.
Figures 3.5 and 3.6 are the nodulus 8 channel with 0° of
phase error and 3° and 6° phase error in the nodulus 17
channel. Note how the transfer function becones jagged and
erratic as the phase error is increased until it becones

di sconti nuous at 6°.
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Reported Angle of Arrival (degrees)

-80 -60 -0 -20 0 20 40 60 80
Angle of Arrival (degrees)

Figure 3.4: Sinulated Transfer Function with No Phase
Errors in Either Channel. [From Ref 3]

Reported Angle of Arrival (degrees)

-80 -60 -0 -20 0 20 40 60 80
Angle of Arrival (degrees)

Figure 3.5: Mdulus 17 Channel with 3° Phase Error
Introduced. [From Ref 3]
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Reported Angle of Arrival (degrees)

-80 -60 -40 -20 0 20 40 60 20
Angle of Arrival (degrees)

Figure 3.6: Mdulus 17 Channel with 6° Phase Error
I ntroduced. [From Ref 3]

C. EXPERI MENTAL RESULTS
An RSNS array based on the noduli m; = 8 and m, = 17
was designed, fabricated and tested at a frequency of 8.0

GHz [6]. The schematic diagram of the two-channel array is
shown in Figure 3.2. The radiating elenents are printed
circuit dipoles. For nmoduli m = 8 and m, = 17, the

unscal ed di stances, =1, are d;=1.48 inch and d,=0.70 inch.

Wth M =64, the number of folding periods m=2 and n=0.94.
To provide an adequate signal-to-noise ratio, a |ownoise
anplifier is included at the output of each interferoneter
el enent . Also included in the RSNS array is a |owass
filter in each channel to elimnate the anplifier harnonics
that are present. Since the comon elenment splits the
signal into N paths, an attenuator is placed in the other
branches to balance the anplitudes. A fixed phase shifter

is also included in one branch of each interferometer so
17



that the symmetrically fol ded phase response waveforns from
each m xer may be aligned. This alignnment ensures that the
conparators in the digital processor properly sanple the
phase waveform and encode it in the RSNS. For the m = 8
channel, 8 conparators are required. For the m, = 17
channel 17 conparators are required. The EEPROM that was
used accompdates 15 inputs. The nodulus 17 channe

processing is conducted in two stages. In the first stage,
the 4-bit thernoneter to binary encoder maps the 15 |east
significant codes out of the 17 conparators (ones with the
smal l est threshol d). The remaining two conparators are
mapped on the second EEPROM along with the 4 bit binary
encoder output and all nodulus 8 conparators. The digita

processor puts out a bin nunber k& corresponding to the

estimated AOA 8. The estimated AOA for bin kis given as

9k = arcsin [Lﬂ —lJ (3.13)
M ¢

The normalized mxer folding waveform outputs are
shown with the sinmulated waveforns in Figures 3.7 for the
m;=8 channel and 3.8 for my;=17 channel for &=10. The basic
features correspond to predicted curves. The neasured
folding outputs from the shift and bias anplifiers in both
channels are shown in Figure 3.9. The digital circuit nmaps
the phase difference at the mxer output into an estinmated
angle of arrival. The predicted output of the unscal ed
prototype array is reproduced as Figure 3.10. The neasured
m xer output contains phase errors, which result in
differences between the sinmulated and predicted data.

These phase errors cause the thernoneter code to

18



angl e of
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wave to the proper
function of

i nci dent

The measured transfer
prototype antenna is shown in Figure 3.11.

incorrectly map the

arrival .

[ From Ref 3]
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[ From Ref 3]
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Figure 3.11: Measured RSNS Transfer Function.
[ From Ref 3]

The large discontinuities in the transfer function are
due to phase and anplitude errors, which arise from severa
sources. Mitual coupling is a commopn cause of phase front
distortion in small arrays of closely spaced el enents. I n
order to increase the distance between elenents and thus
reduce the nutual coupl i ng, a scale factor &  was
i nt roduced. The scale factor is the ratio of the elenent
spacings of the unscaled and scaled arrays. Rai sing the
scale factor narrows the mapable FOV of the antenna and

increases the resolution within the napable FOV. For a
scale factor of ¢&=2/ 3, the maxi mum mapabl e aperture (6,)

is *=60°. The predicted transfer function for the scaled
array is shown in Figure 3.12. The correspondi ng neasured
transfer function is reproduced as Figure 3.13. The
steeper slope of the scaled transfer function is clearly

vi si bl e when conparing 3.10 and 3. 12.
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Figure 3.13:
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The transfer function for the scaled array of dipoles
does not show any significant inprovenent due to the
reduction of nmutual coupling. The mcrowave circuit has
three |likely sources of errors: (1) the low noise
anplifiers, (2) coaxial cables and phase adjusters, and (3)
the rigid connectors. Thus it appears that many snall
errors accunul ate in a manner such that the 6° and 12° error
thresholds are exceeded, which results in a degraded

transfer function.

D. SECOND GENERATI ON RSNS ANTENNA

Previ ous research has introduced the OSNS and the RSNS
and showed that they are able to efficiently resolve
anbiguities in phase sanpling interferonetry. The
prototype arrays that were built, however, both showed that
significant errors are introduced due to the nature of the
conmponents and construction of the system Non- | i near
conmponents, inperfect devices and nmutual coupling are prine
contributors to the phase errors present in the folding
wavef or is. This research took a step forward to validate
the RSNS design and to reduce the phase errors in the
system

The Radio Frequency (RF) circuit shown in Figure 3.14
receives a transmtted signal with a set of mcrostrip
antennas (see Figure 3.15). The signal is passed through a
set of isolators and then to the first anplification stage.
Band-pass filters are used to renove harnonics and the
signal is then sent to the second anplification stage.
Lowpass filters are used to renove harnonics from the
second stage anplifiers. A power splitter is wused to

divide the reference signal that is passed on to the RF
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side of the balanced m xers. The signals from each channel
are passed through phase shifters and then to the | ocal
oscillator (LO side of the mxers. Since the frequency at
the RF and LO inputs are the sane, the mxer output is a DC
value that is a function of the AQOA This DC voltage
devel ops a folding waveform as AQA changes. This vol tage
is anplitude anal yzed by the RSNS signal processor in order
to estimate the AQA

R 8Ghz Signal
¥
Y
170  —m|
080 in
+‘ Ground Plane
1 Stripline Antennas
Rop %, /I«%

Modulus 17 Channel

BPF ’D‘ LPF ——«M%W@— G
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D,BPF\i > —|LPF il
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Figure 3.14: RF Crcuit Block Diagram [From Ref 4]

1. Ant enna El enent s

Since the elenent spacing for the RSNS array is small,
mcro-strip antennas were utilized. The mcrostrip
antennas are dipoles designed to resonate at 8.0 GHz. A

schematic diagram of a mcro-strip dipole antenna is shown
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in Figure 3.15. The thickness of each elenent’s substrate
is 60 mls (1 ml = .001 inch). The elenments are placed
into a linear array with the spacings set at 0.80 inch
between the reference and nodulus 17 elenent and 1.70 inch
between the reference and the nodulus 8 elenent as shown in
Figure 3.16. These spacings were chosen over the origina
design spacings of 0.70 inch and 1.48 inch, since the
fol ding waveform becones distorted at angles greater than
60° from broadsi de. By conpressing the RSNS dynam c range
into the reduced FOv a higher angular resolution is
obt ai ned. Ant enna pattern neasurenents were taken of this
array one elenent at a tine; both phase and power were
recor ded. Figures 3.17 and 3.18 show the results
respectively.

+—— 0.60in ——»

- DIPOLE ARMS
\\ GROUND PLANE
GROUND PLANE | (BOTTOM SIDE
v EDGE OF SUBSTRATE)
_/
MICROSTRIP
TRANSMISSION
LINE (TOP SIDE
DIELECTRIC OF SUBSTRATE)
SUBSTRATE
CONNECTOR.

Figure 3.15: Mcrostrip Dipole Antenna El enent.
[ From Ref 3]
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Power Supplied to Mixers

N\ ——Mod 8 Line
Ref Line
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Figure 3.18: Power Measured at the M xer Inputs.
[ From Ref 4]

2. | sol ators

M2 d obal S70124 isolators were used to further reduce
nmut ual coupling effects and reflections in the feed lines.
They are placed between the antenna elenents and the first
anplification stage. The specifications for the isolators
are shown in Table 3.1. After testing the isolators on the
network analyzer they were found to neet all t he
specifications that were suppli ed.

Frequency |l sol ati on ; VSR Connect or Package
Range (aB) | MSErLION | i mum Tsa”r}’e; a(to”é)e Available| Size (in)
(GHz) M ni mum (dB) 9

Maxi mum
7.0 — .75 x .90 x
12 4 20 0.5 1.25 -20 to +60 SVA 50
Table 3.1: |Isolator Specifications. [From Ref 4]
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3. Amplifiers

The system was originally designed with only one stage
of anplifiers. A single stage anplifier design was
introduced to try and elimnate sources of phase errors
that were present in the first prototype. The DBS DWI
18636 anplifiers were used. The goal of the anplification
stage is to gain a constant power output independent of AQA
at the input of the mxers since any inbalance in power at
the mxer inputs wll produce phase errors. These
m crowave anplifiers have two operating regions: i near
and saturation. The preferred region for this system is
the saturated region. By operating in saturation, the
out put power of the anplifiers is independent of the i nput
power . Figure 3.19 shows the power curves for the DBS

anplifiers.

Power In vs. Power Out

= Power Out - Ref
Power Out - 8
= Power Out - 17

Power Out (dBm)

Power In (dBm)

Figure 3.19: Power Curves for DBS Anplifiers.
[ From Ref 4]

In order for the system to work well the input power

needs to be at least -15 dBm The initial transmtter
28



di stance was 19 feet. The input power for the anplifiers
at this distance was not enough to drive the anplifiers
into saturation. A rmount was constructed to nove the
transmitter closer to the antenna el ements. However, even
with the transmtter at 6' from the elenents, the power
input to the anmplifiers was only -17 dBm This |evel was
barely enough to saturate the anplifiers, so a two-stage
anplifier design was utilized.

The DBS anplifiers are used in the second stage of
anplification because the power output Ilevels are well
mat ched and the three were phase matched to within 10°
However, the phase matching was done in the |inear region
(at low power) and the phase performance of the anplifiers
in the saturation region is not known precisely. The first
stage anplifiers were chosen based on their power curves.
The two prinmary considerations were maxi mum gain and how
wel | the power curves matched. Figure 3.20 shows the power

curves for the three Avantek anplifiers that were chosen.

Power In vs. Power Out

—SA-84 SN:FO3105
—=SA-84 SN:FO0553
—SWL 87 SN:FO1342

Power Output (dBm)

Power Input (dBm)

Figure 3.20: Power Curves for Avantek Anplifiers.
[ From Ref 4]
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Phase matching for this anplification stage is not as
i nportant as the second stage. The purpose for the first
stage is to drive the second stage anplifiers into
saturation. The gain for these anplifiers is approximtely
40 dB in the linear region, which is nore than enough to
saturate the second stage anplifiers at a received power of
-50 dBm The overall effect of the two stages is that the
signal output fromthe second anplification stage remains a
constant regardless of the received power by the antenna

el enent s.

4. Filters
The anplifiers used in this system produce harnonics.

The harnonic levels are 20 dB lower than the fundanental

but introduce phase errors in the system in excess of 20°
In order to elimnate these errors, filters are used after
each stage of anplification. Al RTRON band-pass filters,
with a pass band of 4-8 GHz, are used after the first stage
anplifiers and M CROLAB/FXR LA-90N |owpass filters are
used after the second stage anplifiers. Each filter has an
attenuation of 55 dB or greater in the stopband, which
effectively elimnates all signals except the fundanental.

5. M xers

A mxer is a commopn mcrowave conmponent that is
normally used to translate a higher RF carrier to an
i nternedi ate frequency (IF). Typically, the RF signal is
conbined with a second signal, referred to as the | ocal
oscillator (LO, at a non-linear diode. The resulting IF
is approximated by wy= |ws- woll 8]. The w; + w, and other
product ternms that are generated in the mxer are renoved
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by filtering. For the RSNS antenna, the nixers are used as
phase detectors. The RF and LO inputs are the sane

frequency, therefore, the IF output is a DC val ue of

Vir = 4, cos[(a)lo ‘@f)t_(% —@,)]

+4, cos[(cqa +cqf)t—((go —(0,7,)} (3.14)
+[higher frequency terms]

Since w,=w,,

VJF:Alcos(Q —%)+Azcos(26d) (3.15)

+(hi gher frequency terms)

Wth proper filtering the 2ax and hi gher frequency terms can

be elimnated. The remmining DC term depends solely on the

phase difference (g -g,),
Vir =4 cos(g, - @) (3.16)

The Anaren 70540 bal anced m xer was sel ected due
to its superior phase response as seen on the network
anal yzer. For this appl i cation, t he i nport ant
specification is the |IF frequency range. By having the
range set below 2w, it effectively filters the output of the
m xer. Figure 3.21 shows the first set of folding
waveforms with the power level to the inputs at 14 dBm
The maxi mum and mninmum regions of the folding waveforns

appear to be flattened, indicating that the mxer is
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sat urati ng. Attenuators were added at the mxer inputs

until the regions regained their predicted shape.

Mixer Output Voltage

0.6

0.4 -
S 0.2
S ‘ 0 } | ——Modulus 8
[y]
5 -100 -50 0 50 100 | ——Modulus 17
S 0.2

0.

6
f

Angle of Arrival (deg)

Figure 3.21: Folding Waveforns from Saturated M xers.
[ From Ref 4]

6. M scel | aneous Conponents

The phase difference between the reference signal and
the channel signal is the basis for AQA estinations. The
phase difference at broadside defines a convenient
rel ati onship between the folding waveforms and can be used
for calibration of the antenna hardware. In order to set
the phase angles in each of the channels, the |engths of
the sem -rigid coaxial cable were precisely cut. Because
predi cting how the phase of the signal is affected by the
anplifiers and other conmponents is difficult, phase
adj usters were added. The phase adjusters are variable
| ength coaxial cables that contain no dielectric nedium
At 8.0 GHz, one turn of the barrel will change the phase of

the signal by 5° giving the phase adjuster a range of

approxi mately 60°.
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Attenuators are also added to each signal |ine. The
purpose of the first set of attenuators is to balance the
power between the reference signal and the nodul us signal
at the output of the second anplification stage. A second
set of attenuators is added to reduce the power input to
the mxers, since the 20 dBm output of the second stage
anplifiers saturates the m xers, causing phase errors.

7. Structural Design

The system is assenbled on a % inch brass plate
measuring 13 inches by 13 inches. The plate serves two
pur poses. The first is structural: by attaching the
conponents to the plate any vibrational errors that m ght
be introduced are elimnated. The second function of the
brass plate is as a heat sink. The anplifiers will operate
at a high tenperature, which my introduce phase errors
into the system The brass plate keeps the entire system
at a constant tenperature that is only slightly above room
tenperature, thus mnimzing errors. Al'l coaxial cables
are cut to |ength. These custom fit lines mnimze bends
in the cables and the nunber of connectors that are needed
to assenbl e the system
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| V. | MPROVED ROBUST SYMVETRI CAL NUMBER SYSTEM
SI GNAL PROCESSI NG Cl RCUI T

A OVERVI EW

The RSNS Signal Processing Circuit transforns the two
DC signals coming from the antenna into a binary output
corresponding to the RSNS bin nunber of the incident wave
direction and ultimately to a digital readout displaying
the estimted AQA After the signals |leave the mxers as
shown in Fi gure 4.1, transformation begi ns Wi th
anplification and biasing of the detected phase signals.
The phase signhals are supplied to independent conparator
| adders that anplitude analyze the signal in a thernoneter
code. The conparators supply their outputs to a latch for
digital processing.

Digital processing begins with determ nation of the
| evel of each analog signal in the 1-of-N circuitry. At
this point, with a single logic gate representing the |evel
of each nodulus, the conbinations of noduli Ievels that
exist within the systenis dynamic range are paired in the
notional Bin Mapping AND field. The logical output of this
pairing is then mapped to a binary nunber corresponding to
the RSNS bin nunber. This six bit binary nunmber is then
passed to an output latch to provide a clean transition
bet ween output states. The output Ilatch provides this
bi nary signal to any automated display, notification and/or
tracking system for processing necessary to neet the
ultimate application’s needs. A digital readout is
i npl emented here with the binary output also supplied to a
PC for devel opnment of the systenmis transfer function.

The description that follows only discusses the
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details of the nodulus 8 portion of the circuit, but
nodulus 17 portions are simlarly constructed. Specific
bi nary values presented in the figures correspond to Bin 57

val ues for illustrative purposes.

Ilod 2 Analog Signal
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Figure 4.1: RSNS DF System Bl ock Di agram

B. SH FT AND BI AS AMPLI FI ERS

The first conponent encountered in the RSNS processing
circuit is an inverting anplifier. As illustrated in
Figure 4.2, this MAX 479 operational anplifier nultiplies
the nomnally £320 nvdc signal fromthe antenna by a factor
initially set at seven. This anplification is necessary to
provi de margi ns between each successive threshold level to
enconpass conparator resolution margin plus a necessary

hysteresis val ue. Adj ust nent of the anplification
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multiplier can be acconplished by the potentioneter
identified in Figure 4.2 as RL in the feedback | oop of each
anplifier. Adj ustnent nay be necessary to conpensate for
any variation in the antenna' s response. The second
conponent encountered in the signal path is a second MAX
479, serving as an inverting operational anplifier to shift
the signal to center around 2.5 Vdc. This shift is
performed to preclude the necessity of using dual power
supplies in the conparator |adder section of the processor.
This shifting can be altered by adjustnent of the
potentionmeter in the shift anplifier's voltage divider
identified as R2 in Figure 4. 2. The MAX 479 Quad
M cropower, Single-Supply, Operational Anplifier chip from
Maxi m I ntegrated Products was selected for this application
and contains four anplifiers on a single chip versus the
previously used LM/41 with one anplifier per chip, thus
significantly reducing the footprint of this stage.

The voltage divider for the shift anplifiers is
powered by a MAX 675 voltage reference chip from Maxim
I ntegrated Products. This design was inplenented versus
using the sane power as that which supplies VCC due to the
fairly small wmargins between threshold levels and the
del eteri ous ef fects a wavering or even mnimally
m sadj usted supply would have on the conparison process in
the followi ng stage. The MAX 675 controls its 5 Vdc out put
within a 2.5 nvdc range when supplied with 15 Vdc.
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Figure 4.2: Shift and Bias Amplifiers.

C. COVPARATOR LADDER

A conparator |adder follows shifting and anplification
as the first step in determning the quantized voltage
| evel . This is shown in Figure 4.3 and acconplished by
supplying each analog signal to a parallel grouping of
conparators (8 for nmodulus 8 and 17 for nodulus 17) which
are also supplied with a reference voltage representing

RSNS threshold |evels. These reference voltages are
conputed per equation 3.11 and shown on Table 4.1. Each
conparator will shift its output to the positive rail value

(+5 Vdc here to sinplify TTL inplenentation) when its
signal exceeds its reference plus a 1 nVvdc hysteresis
mar gi n. Conversely, when the signal lowers to a 1 nWdc
hysteresis margin below the reference voltage, t he
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conparator wll shift its output to the conparator’s

negative rail, inplenented as circuit ground.

+5V
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T

Analog Input Signal =100 oF
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Rl Latch
IV from MAX 675 s — alt
voltage reference

R2
f’\/j.\/\/—

Figure 4.3: Conparator Circuit.

Ref erence voltage inplenentation is acconplished by a
vol tage divider at each conparator supplied by a commbn MAX
675 voltage reference identical to the one used in the
shift and bias anplification stage. The conparators have a
maxi mum i nput offset current of 100 nA. Making the offset
current have a negligible effect on the voltage divider
calculations (less than 1% of total current) requires
passing at |east 10 mcro-anps through the voltage divider,
t hus necessitating a maxi mum resi stance of 500k ohns. The
MAX 675 will supply a maxinmum load current of 30 mA when
supplied at 15 Vdc, therefore requiring a conbined | oad
resi stance of at |east 167 ohns. A standard value of 2.4k
ohnms was selected for RL and a potentioneter of appropriate
range was selected as R2 (see Table 4.1). Load current
fromthe MAX 675 is calculated to be at 26 mA, well wthin
the specification. Selection of potentioneter range
included ensuring the initial setting was within 10 to 90%
of full range to allow for adjustability in the occurrence

of circuit or waveform changes.
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Volts [R1L value Q |R2 value Q | R2 range Q
Mod 8
Conparator 1| 0.303 2400 154. 8 1000
Conparator 2| 0.638 2400 351.0 1000
Conparator 3| 1.256 2400 805.1 1000
Conparator 4| 2.063 2400 1685. 8 10000
Conmparator 5| 2.937 2400 3416. 8 10000
Conparator 6| 3.744 2400 7154.1 10000
Conparator 7| 4.362 2400 16408. 8 20000
Conparator 8| 4.697 2400 37204.0 50000
Mod 17
Conparator 1 0. 2696 2400 136. 8 1000
Conparator 2 0. 3455 2400 178. 2 1000
Conparator 3 0. 4948 2400 263. 6 1000
Conparator 4 0. 7124 2400 398 8 1000
Conparator 5 0. 9909 2400 593 2 1000
Conparator 6 1321 2400 8618 1000
Conparator 7 1. 691 2400 1296. 5 10000
Conparator 8 5 088 2400 1720. 9 10000
Conparator 9 5 5 2400 2400. 0 10000
Conparator 10 2 912 2400 3347 1 10000
Conparator 11 3 309 2400 4696. 4 10000
Conparator 12 3 679 2400 6684. 0 10000
Conparator 13 4. 009 2400 9709. 0 50000
Conparator 14 4 288 2400 14453 9 50000
Conparator 15 4 505 2400 21842 4 50000
Conpar ator 16 4 654 2400 32282 1 50000
Conparator 17 4 73 2400 42044 4 50000
Table 4.1: Conparator Ladder Voltage D vider val ues.
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The MAX 944 and MAX 942 Hi gh- Speed, Low Power, 3V/5YV,
Rai |l -to-Rail, Si ngl e- Suppl y Conpar at or s from Maxi m
Integrated Products were selected for this application.
The MAX 944 has four conparators per DI P14 chip and the MAX
942 has two conparators per DIP8 chip. This significantly
reduces the footprint over the previously-utilized LM11
with one conparator per chip. The MAX 942 was used for the
25'" conparator to further reduce circuit footprint as only
one additional conparator was needed. The MAX 941 is the
one conparator per DIP8 chip nodel of this famly and was
not utilized for the 25'" comparator due to the presence of
additional features wunnecessary for this design. The
sel ected chips have inplenented an internal pull-up to the
positive rail in addition to an internal hysteresis range
of 2 nWdc, thus elimnating the need to externally build
these desirable features into the circuit [9]. Thi s
further reduces the circuit’s footprint and contributed to
their selection for this application.

The selected conparators advertise the ability to
operate fromrail to rail (0 to 5 Vdc in this design), but
the inplenented range is fromO0.26 to 4.74 Vdc to provide a
margin of error. This margin could be reduced as desired
with adjustnent of anplification and threshold adjustnent
pot enti onet ers. Reduction of this margin nmay becone
desirable to expand the gap between successive RSNS | evels.
The voltage range was selected to allow for seanless
i ntegration with t he TTL | at ches and fol |l ow on
conbi national | ogic. A 100 nF decoupling capacitor 1is
pl aced close to the V+ termnal of each conparator chip for

i nproved noi se i mmunity.
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D. ANALOG SI GNAL LATCHES

Storing the output of the conparators for digital
processing is the job of the analog signal |atches. These
SN74LS273 Cct al D-type Flip-Flop latches from Texas
Instruments provide a solid input for the digital logic
conponents that follow, thus elimnating the effects of
conparator oscillation caused by a nodulus signal close to
the RSNS threshold voltage |evel and changing in excess of
the hysteresis val ue. These | atches are placed physically
close to, and approxi mately equi di st ant from t he
conparators to mnimze possible propagation tine-induced

errors.

E. LATCH TI MER

An [ CMr555 timer is wutilized to provide the clock
signal for all [Iatches. The |1CW555 has two astable
circuit configurations, with the configuration detailed in
Figure 4.4 vyielding a 50% duty cycle output wusing one

timng resistor and capacitor.

1 |oND . T+ Eﬁ 59
4E TRIG E i DIs | 7
10kHz
Clock to 3 |ouT ‘:EI: % THE E'i
Latches _ —
+57 { RST CONTW | 5
R = 700 Ohos —— C=100vF

Figure 4.4: ock Source.
42



Clock speed determning factors include propagation
delay through the digital | ogi c, maxi rum speed of
conmponents and expected rate of change of incom ng
information. The oscillation frequency is defined by

1

2 “14RC (4.-1)

Table 4.2 shows the maxi num propagation delay tines for
each logic device in the digital processing signal path,
plus the tinmes necessary to propagate through the anal og
signal latch and tine necessary to hold a signal constant
(at the Qutput Latch input) before it is guaranteed to be

recogni zed at the next clock cycle.

Component Component Del ay (ns)
SN74LS273 | atch (propagati on) 27
DM74LS04 | nverter gate 15
DM74LS11 3- AND gate 18
DM74LS00 2- NAND gat e 15
DM74LS30 8- NAND gat e 20
DM74LS32 2-COR gate (2 tinmes) 15 each
SN74L.S273 | atch (data hol d) 5
TOTAL MAXI MUM PROPAGATI ON DELAY 130

Table 4.2: Propagati on Del ay Determ nation.

The sum total of all delays is shown to be 130ns.
This delay mandates that the clock frequency nust be |ess
than 7.7MHz to allow sufficient time for the worst case
propagation to occur from the analog signal latch to the
Qut put  Latch. The 1CWr555 has a maxi num guaranteed
oscillation frequency of 500 kHz, therefore inposing a nore
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l[imting maxi mum cl ock speed. The Delay-type flip flops
that make wup the 74LS273 |latch have a maxi mum clock
frequency of 30MHz. This paraneter inposes no limtations
on the «circuit, but needed to be considered for
conpl eteness. The expected rate of change of the incom ng
information will determine the mninmum clock frequency and
is an operational paraneter dependent upon the targets the
system is ultimately designed for. This will need to be
evaluated fully when those targets are identified. The
paraneter used for developing a mninmum clock frequency in
this thesis was the rate of change of sinulation inputs as
the testing to be done in the anechoic chanber on the
antenna assenbly is done statically. The initial clock
frequency chosen was 1lkHz, but caused gaps in the systems
transfer function. This will be fully explained in Section
V of this thesis. A clock speed of 10kHz was evaluated to
be nore than adequate to preclude developing the
aforenentioned gaps in the transfer function. Thi s
frequency was selected sonmewhat arbitrarily, but it
satisfies all requirenents and was verified to be adequate

t hrough extensive simulation.

F. ONE- OF- N DETECTOR

Deci phering the |evel each nodulus presently occupies
is the function of the 1-of-N Detector. This portion of
the processor (seen in Figure 4.5) accepts its inputs from
the analog signal |atches and produces a single active
| ogic gate per nodulus corresponding to the nodulus |evel
This approach allows the use of discrete logic gates in the
following stage versus attenpting to decipher 25 inputs

si mul t aneousl y with a collection of EEPROVG t hat
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necessitate conplex electronic overhead and mnultiple passes
t hrough one EEPROM due to the lack of a readily avail able
EEPROM wi t h 25 i nputs.

As the level of the nmodulus rises from its mninum
point below the threshold voltage of the conparator
supplying latch 1 in Figure 4.5, successive conparators
actuate and pass a |logical one through the anal og signal
latch to the input of the 1-of-N Detector. As the
t hernoneter code rises, the 3-input AND gates are activated
sequentially due to the presence of a logical one on the
non-inverted input and a logic zero on the inverted inputs.
The non-inverted inputs correspond to the |evel which the
AND gate is designed to identify as the present nodul us
| evel . The inverted inputs correspond to nodulus |evels
above which the AND gate is designed to identify, and
provide the information required to uniquely identify where
the current nodul us |evel. The | owest and highest |evels
of each nodulus are inplenented with a sinple configuration
of an inverted level 1 latch output (for level 0) and a
di rect readout of the highest latch |evel.

A 2-input AND gate would be sufficient to adequately
identify the nodulus |evel, but the current design utilizes
the 3-input AND gate of the DWMr4LS11 Triple 3-input AND
Gate chip from Fairchild Sem conductors to conpensate for a
phenomenon known as a sparkle [8]. This phenonenon
considers either a faulty conparator or two adjacent
conparators with sufficient differences (such as a timng
m smatch) that causes them to provide a faulty thernoneter
code with a changing input signal. A logical zero internal
to the rising thernoneter code such as the one seen at 2Q
of Figure 4.5 is called a sparkle and generates problens in
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the binary decoding of the system The parall el
arrangenent of digital logic gates at the latch outputs
generates a true 1-of-N code in the presence of a single
spar kl e. This arrangenent could be expanded to conpensate
for nore such phenonenon occurrences if desired.
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Figure 4.5: Analog Signal Latch and 1-of-N G rcuitry.

G BI N MAPPI NG FI ELD

The Bin Mapping Field pairs all avail able conbinations
of the two noduli levels to determine in which RSNS bin the
i ncom ng signal resi des. This would intuitively be
inplemented with 64 AND gates, but wultimtely takes
advantage of NAND-NAND relationships wth the Digital
Mappi ng portion of the processor and is inplenmented with

the 74LS00 Quad  2-1nput NAND Gate chip. Thi s
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i npl enentation is shown in Figure 4.6. Each 2-input NAND
gate receives an input from each noduli’s 1-of-N Detector
circuit corresponding to each bin in the systems FOV.
Pairing is performed in accordance with Figure 3.3. Thi s
pairing results in only one of the 64 gates indicating an
active state by having a logical 0 as its output. The next
step is to provide a nore conci se output, although a curved
64 segnent LED or LCD bar graph could give an intuitive AOCA
directly fromthis stage.

]
1 . 1
Eimﬁdlezegl % [ Bin0 To Exror Trap logic
rorm o
1-0f:N Cireuit 4 .
pl—— |
3 1 | Bin 1 To Digital IMapping
]
»
»
0 »
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2 D
= Bin 57 To Digital Mapping
4 1 [
3
Sigallevel & .
from Ivlod 17 i .
1-of M Cireuit 2
5 . .
10
1
1

12 @7 To Digital Mapping
13
14

Figure 4.6: Bin Mpping Field.

H. DI G TAL MAPPI NG

Providing a nore concise output than 64 individual
logic gates is the function of the Digital Mpping portion
of the RSNS Signal Processor. This mapping converts each

i ndi vidual output from the bin mapping field into a binary
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representation of its corresponding bin nunber. As there
are 64 unique bins in the FOV of this design, the output is
required to be a mninmum of six binary bits. Thi s
conversion is seen, in part, in Figure 4.7 and acconpli shed
by applying the output of each logic gate from the bin
mapping field to the necessary binary digits in the binary
out put st age. Ref erring back to t he not i onal

i npl ementation of the Bin Mpping field as logical AND
gat es, this di gi tal mappi ng woul d be intuitively
inplemented in logical OR gates with each providing their
output as one of the digits in the binary output.
Recalling that the Bin Mapping field is inplenmented in NAND
gates and the lack of the easy commercial availability of
any large-input OR gates, six groups of four 8-input NAND
gates are utilized with a tree of three 2-input OR gates to
map each logic gate from the bin mapping field to the
bi nary out put. The DW74LS30 8-1nput NAND Gate and the
DM74LS32 Quad 2-Input OR Gate chips, both from Nationa

Sem conductors, were selected for this application.

Digital mapping could be perforned to a variety of
val ues. Mappi ng coul d have corresponded to the BCD val ues
of the AQA digits. This would have sinplified a digital
readout inplenentation, but would greatly increase the
anount of mapping perforned by this stage, requiring a 13
bit binary output for mapping three decimal digits plus a
sign bit. Mpping to the binary representation of the RSNS
bin nunber was selected due to mnimzation of binary
outputs required and the ease of conversion of the output
within sinulation progranms, thus sinplifying generation of
the systemi s transfer function.
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Figure 4.7: Digital Mapping.

An unfortunate result of mapping directly to the RSNS

bin nunber is the potentially large error encountered when
49



the anal og signals do not correspond to an AOA within the
systenmis FOV. As no input is required fromthe Bin Mapping
Field to the Digital Mpping portion to the circuit to
generate the representation for bin 0, all erroneous
signals are reported as originating from that bin. An
error trap has been inplenented to alert the operator, and
ultimately any system that is automatically processing the
signal, to this occurrence. This error trap physically
resides on the circuit board with the Decimal D splay and
i npl enentation will be discussed in Section IV.J.

l. QUTPUT LATCH

Providing a solid output to drive the Decimal D splay
and the Error Trap while allowing changes to propagate
through the digital processor is the function of the Qutput
Lat ch. The latch is an SN74LS273 identical to the anal og
signal [latch. Commonly known as “pipelining” [8], the
necessity for this conponent was shown when the changi ng of
the Digital Mapping output digits occurred at slightly
different tinmes during bin shifts was noted in sinulation.
This latch is provided with the sanme 10 kHz cl ock signal as
t he anal og signal | atches.

J. DECI MAL DI SPLAY

The Decinmal Display provides human readability to the
output of the RSNS Signal Processing Crcuit. It also
provi des visual indication of actuation of the Error Trap
di scussed earlier. As illustrated in Figure 4.8, estinated
AQA is displayed to the tenths of degrees by passing the
Six binary outputs provided by the Qutput Latch to three
PEEL 18CVv8 Progranmable Logic Devices (PLDs) after an XOR
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circuit. This XOR circuit utilizes the nost significant
bit (MSB) as a toggle bit, taking advantage of the mrror
rel ati onship of the AOA about boresight, to enable the PLDs
to process five inputs versus siX. The software used to
program the PEEL 18CVv8 PLDs is unable to load the requisite
equations wutilizing six inputs, thus requiring the XOR
circuitry. The PLDs convert the five bit binary output to
Bi nary Coded Decimal (BCD). Details of the PLD progranm ng
and inplenentation are contained in Appendix A The binary
signal is then passed to BCD-to-seven segnent decoders to
drive three seven segnent displays, showing the estinated

ACA. The SN7447A BCD-to-Seven- Segnment Decoders/Drivers
chip from Texas Instrunents was selected for this
appl i cation. The MSB of the output also drives a fourth
seven segnent display to furnish the negative sign. A

fifth seven segnment display is utilized to display the
error indication.
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Figure 4.8: Decimal Display bl ock diagram
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Error Trap inplenentation as shown in Figure 4.8 is
acconplished by inverting each output bit from the Qutput
Latch and passing them along with the output of the NAND
fromthe Bin Mapping Field corresponding to bin O through a
DM74LS30 8-input NAND gate with one input tied to +5V.
This output is used to display an “E’ on a seven-segnent
LED on the Decimal Display. This output also blanks the
deci mal AQA display by connecting to the 7447 s Bl anking
[ nput (BI) pin.

K. SYSTEM CONSTRUCTI ON

Construction of the PCBs starts wth dividing the
circuit design into the portions to be allocated to each
boar d. This division was necessary primrily due to
software limtations within the layout tool that operates
in concert with the Miultisimcircuit design and sinulation
t ool . Utiboard, the PCB layout tool, has a program
[imtation of 700 pin connections per board in the software
version used. The design contained approximtely 1300 pin
connections, requiring division into at least tw circuit
boar ds. The division of boards selected is roughly along
the anal og-digital i nterface. Keeping the anal og
conponents as physically close to one another mnimzed any
potential propagation tine related errors. The resulting
division resulted in the 1-of-N Detector residing on the
circuit board with the anal og hardware and the renai nder of
the digital circuitry on a separate circuit board. The
digital display and error trap logic reside on a third
circuit board.

The anal og and digital processing boards were exported

individually into Utiboard from Miultisim for PCB | ayout.
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Virtual placenent of conponents was acconplished nanually
and the routing of traces and vias was performed with the

third tool in the software suite, U tiroute. Care was
| engt hs of conductors through which
The PCBs

taken to mnimze the
the analog signals would be required to travel
were contracted to a comercial vendor for nmanufacture and

to a second vendor for installation of the conmponents. The

PCBs can be seen in Figures 4.9 and 4. 10.
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The Digital Dsplay was constructed locally on a
pr ot ot ype breadboard. The Digital D splay is shown in
Figure 4.11.
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Figure 4.11: Digital Display and circuitry.
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V.  TESTI NG AND EVALUATI ON

A PRE- FABRI CATI ON SI MULATI ON

Pre-fabrication testing of the Signal Processi ng
Circuit was performed by sinulations using the software
selected for t he circuit’s desi gn, Miltisim from
El ectroni cs Wbr kbench. Multisim is part of a suite of
design tools with an intuitive graphical interface and an
ext ensi ve database of industry-standard anal og, digital and
RF conponents. Mul tisim exports its sinulation results
into Excel, making Excel the analysis tool of choice over
Mat Lab.

Initial sinmulation enconpassed verification of the
analog circuitry’s ability to properly create a thernoneter

code at the output of the anal og signal l|atches. The next

step was a validation of the 1-of-N Detector. This was
performed by a visual verification cued by virtual |ighted
test probes on the Miltisim interface screen. The bin

mapping field was then designed and tested, again by the
vi sual cues provided by a test probe at the output of each
NAND gat e. Mappi ng of each NAND gate representing an RSNS
bin to the output stage followed. Verification could now
take on the form of reading the binary output and
converting that output to bin nunbers, allowing a
conparison of output to input and devel opnent of a system
transfer function. The transfer function devel oped at that
time is seen in Figure 5. 1.

55



Transfer Function without Output Latch
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Figure 5.1: Transfer Function of Simulated Grcuit before
Qut put Latch I nplenentation

Note the irregularities at the initiation point of

each successive bin. These spikes represent the transition

of nore than one bit at mnutely different tines. These
transitions were elimnated by the output |atch. The
initial inplementation utilized six flip-flops of the

fourth analog signal latch, but the output |atch becane a
separate entity when it becane apparent that the circuit
woul d have to occupy nore than one circuit board. The
frequency of the latches was initially set at 1kHz. The
system transfer function was again determned and is seen

in Figure 5. 2.
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Transfer Function clocked at 1lkHz
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Figure 5.2: Transfer Function of Sinmulated Circuit with
Qut put Latch clocked at 1kHz.

The transfer function revealed an irregularity in that
bins 16, 31, 34, 37 and 40 are skipped. Since the speed of
the sinulation input was changing at 1 bin/ns, the anal og
si gnal was progressing faster than the latch clock
frequency. The clock frequency was raised to 10kHz after a
determnation of clock limtations was perfornmed as |isted
in Section IV.E. The resulting system transfer function is
seen in Figure 5.3. This transfer function illustrates a
mappi ng of actual AOA to estimated AOA with the exception
of quantization error discussed in Section 1I1.B. Thi s
system resulted in a maximm error of 2.31° and an RMS
error of 0.71°.
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Transfer Function clocked at 10kHz
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Figure 5.3: Transfer Function of Simulated Crcuit after
cl ock adjustnent to 10kHz.

Al'l simulations conducted thus far assune theoretical
voltage inputs representing the perfect RSNS folding
wavefornms from the m xers. These waveforns were produced
utilizing a MATLAB code that essentially conputes the
voltage from Equation 2.1 (see Appendix B). Vol t ages
devel oped by the previously constructed RSNS antenna were
neasured and are seen in Figures 5.4 and 5.5. Si mul ati on
with voltage inputs developed from the RSNS antenna
resulted in the system transfer function seen in Figure
5. 6. Irregularities in this transfer function are
primarily due to relatively mnor deficiencies between the
perfect and actual folding wavefornms. Efforts to renove or

m nimze these deficiencies are a separate project.
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Mod 8 Voltage Waveforms

Antenna output (Vde)

A0A (degrees)

|—Pu::tual Modd antenna output — Perfect Modd antenna out]:rut|

Figure 5.4: Md 8 Voltage Waveforns for Sinulation Input.
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Figure 5.5 Md 17 Vol tage Waveforns for Sinmulation |nput.
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Antenna Transfer Function
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Figure 5.6: Transfer Function of Simulated Grcuit with
Ant enna Dat a.

B. TESTI NG SETUP

Testing is performed on each major conponent of the
RSNS DF system as independent wunits prior to system
i ntegration. The fully integrated RSNS DF system was
tested in the Naval Postgraduate School M crowave Anechoic
Chanber . In the anechoic chanber, a standard gain feed
horn transmts a 8 GHz mcrowave signal generated by a
signal generator. The antenna is placed on a pedestal
approximately 19 feet from the transmt horn wth the
m crowave conponents nounted on the back of the antenna’s
ground pl ane. A servonotor capable of steps as small as

0.1° rotates the pedestal and indicates its position on the
attached personal conputer. The signal processing circuit
continuously analyzes the received signal and the antenna
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m xer output is sanpled at each resolution step. The m xer
output is carried out of the anechoic chanber to the signal
processing circuit and two HP 3478A nultineters. These
multinmeters sanple the antenna output and provide this
information both visually and in tabular format in the
connected PC. The pedestal position and digital display
results are recorded and utilized to determine the systenis

transfer function.

C. POST- FABRI CATI ON TESTI NG

After manufacture of the PCBs, testing was perforned
to verify sinulation results. The analog processing
circuit board testing included initial alignnent of the
operational anplifiers and conparator |adder threshold
val ues, plus verification of generation of a correct 1-of-N
sequence in response to a £320 nVvdc applied at each
nmoduli’s input. The initial alignnment of the analog
circuit board revealed the absolute necessity for nulti-
turn potentioneters in the conparator |adder as the
resolution obtainable from the single-turn potentioneters
only allowed threshold setting to wthin about 5 nWVdc.
Receipt of a correct 1-of-N sequence was verified. The
digital processing circuit board testing consisted of
manual application of a 1-of-N sequence corresponding to
RSNS bins as outlined in Figure 3.3. Al'l input sequences
resulted in correct output generation. Testing of the
digital display was acconplished by manually applying a six
digit binary input and visually verifying a correct AQOA
indication on the display. The error trap was also
exercised to ensure proper operation and anticipated system

response of blanking the angular readout and displaying an
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“E” on its own seven segment display.

Testing of the conplete signal processing circuit was
performed in tw steps, first driven by perfect RSNS
waveforms and then driven by the systems antenna
Waveforns utilized in the testing are seen in Figures 5.7
and 5. 8. Integration of the signal processing circuit and
application of perfect RSNS waveforns by manual |y adjusting
vol tage sources sinulating the antenna inputs resulted in a
system transfer function seen in Figure 5.9, For
illustrative purposes, an activation of the systenms error
trap and subsequent blanking of the digital display is
shown as a lack of estimated AOCA on the transfer function
and is translated as an AOA of 0° for calculation of the
di fference between actual AQOA and estimated ACA

Mod 8 Voltage Waveforms

Antenna output
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------- Perfect Mod8 Antenna Output

Figure 5.7: Md8 Waveforns Utilized for System Testing.
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Mod 17 Voltage Waveforms
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Figure 5.8 Md1l7 Waveforns Utilized for System Testing.

Circuit Tramnsfer Function

Estimated AOA
{degrees)

Actual AOA (degrees)

‘—Estjmat.ed AOA — Diffe::ence|

Figure 5.9: Signal Processing Crcuit Transfer Function
driven with Perfect RSNS Wavef or ns.

Testing is concluded with the devel opment of the fully
integrated RSNS DF system transfer function utilizing the

enhanced antenna as the voltage source. | nspection of the
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antenna wavefornms reveals that the voltage response does
not span the full + 320 nvVdc range. As outlined in Section
IV.B, the nultiplication factor of the Mdd 17 anal og signha
processor was raised to eight and the Mdd 8 anal og signal
processor’s nultiplication factor was raised to 7.4. The
Mod 8 waveform is also not centered around zero, thus
requiring adjustnment of the DC bias value to 2.3 Vdc versus
2.5 Vdc, also as outlined in Section |V.B. This transfer
function, developed as outlined in Section V.B., is seen in
Fi gure 5.10.

System Transfer Function

{degrees)

Estimated AOA

Actual AOA (degrees)

“——-Est:i.mated ADA — D:i.fferem:e|

Figure 5.10: Fully Integrated RSNS DF System Transfer
Functi on.
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VI . CONCLUSI ONS

This research project set out to design, sinulate,
construct and test the performance of a processing system
with a prototype direction finding antenna, wutilizing a
m xed signal architecture to derive the direction of
arrival from an RSNS encoded direction finding antenna.
This architecture provides a high resolution, small-
baseline array with few phase sanpling conparators, based
on preprocessing the received signal using the RSNS. Thi s
has resulted in a four inch antenna array being able to
attain an angular resolution of less than 1.8 degrees wth
a continuous field of view of 120 degrees. The
acconpanying electronics occupy tw 6 inch by 8 inch
printed circuit boards, nmaking this system ideal for
platforns with Iimted space and vol une.

The systemis transfer function of Figure 5.8 is in
good agreenment wth the ideal <case of Figure 3.12.
Di screpancies in the systenms transfer function are due in
| arge part to the accuracy to which the conparator | adder
thresholds can be set in concert with mnor inperfections
in the antenna’s response. This research denonstrates the
viability of a direction finding system based on the RSNS.

Future work to be conpleted on this project should
include incorporating the ability to operate in a multi-
signal environnment plus the capability to have uniform

response to a wide range of emtter frequencies.
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APPENDI X A.  PLD PROGRAMM NG AND | MPLEMENTATI ON

DETAI LS
MODULE KNVRTR1;
TI TLE ' KNVRTRL'
DECLARATI ONS
KNVRTR1 DEVI CE ' P18CV8' ;
"1 nput pins
GFED PI'N 1,2,3,4 ;
C, B, A, BLANK PI'N 56,7,8 ;
"out put pins
a,b,c,d Pl N 12, 13,14, 15 ;
a,b,c,d | sType 'com ;
"equi val ences
HEX I N = [GF EDCB,A]; "set of inputs
DI SPLAY = [a, b, c,d]; "set of outputs
H L, X = 1,0,.X; "renanme constants
ANYI NPUT = [ X X X, X, X X X];
ANYDI SPLAY = [ X X, X, X];
" 0 ~b0000 ; O
" 1 ~b0001 ; 1
" 2 "b0010 ; 2
" 3 ~b0011 ; 3
" 4 "p0100 ; 4
" 5 7~pb0101 ; 5
" 6 ~b0110 ; 6
" 7 "~b0111 ; 7
" 8 ~b1000 ; 8
" 9 ~b1001 ; 9
TRUTH_TABLE ( [ BLANK, HEX IN ] -> DI SPLAY )
[ H , 0 ] -> ~b0101 ; " 5
[ H , 1 ] -> "b0101 ; " 5
[ H , 2 ] -> "b0101 ; " 5
[ H , 3 ] -> "b0101 ; " 5
[ H , 4 ] -> ~b0100 ; " 4
[ H , 5 ] -> ~b0100 ; " 4
[ H , 6 ] -> ~b0100 ; " 4
[ H , 7 ] -> ~b0100 ; " 4
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-> "p0011 ;
-> "pb0011

-> ~p0011 ;
-> "pb0011 ;
-> ~pb0011 ;
-> ~p0011 ;
-> ~pb0010 ;
-> ~pb0010 ;

L R N el e N e B o |

[ S S |y S | Y W N S —

OO0 dAdAd A A A 1000000
A A 1000000000000 O0O
eNeolololololoololoholololoNoNo
eNeolololololoololoholololoNoNo
D00 0000000000000
< € £ £ K <K <KC<KCKCKKKKKCKCK
NNNNNNNNNNNNNNNNAN
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OMNMNOVOOANMINHOMN~NOO O -
A A A AN NNNNNNNNNMM

[ S S S | S [ S | S | S S S Y S S S S_—

-> "p1111111 ;

ANYI NPUT ]

L

LOOLOLLSSTIITITOOOOMOOMOOMAN

TEST_VECTORS



NANANNAAAAAAATO OO OOO

L e el e e e e W o W Mo W B s Mo W B M |

[ S S Iy S WS W WSy SO Jy NSNS [y SOy SN S—_T SO SO S N W_— S_—

[ N N e R B B o W W o N e B i e B o Mo |

[ S Iy 1 S W S S S S | WS Y S S Y S ) S - S_—

END KNVRTR1
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Page 1
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08: 25:54 19: 2

KNVRTR1

I nput files:

ABEL PLA file D knvrtrl1.tt3
Vector file o knvrtrl.tnv
Device library : P18CV8. dev

Qut put files:

Report file : knvrtrl.doc
Progranmmer |oad file : knvrtrl.jed
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Page 2
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08:25:54 19:2

KNVRTR1

P18CV8 Progranmed Logi c:

a = ( !BLANK );

b =( !'D&!'E&!F&!G
#  IBLANK );

c =( 'A&!C&!D&E&!F&!G
# IB&!C&!'D&E&!F&!G
# D&I!E&!F&!G
#  IBLANK );

d =( !'B&!C&D&!F&!G
# A&B&!C&!D&I!F&!G
# C&!D&E&IF&!G
# IC&IE&!F&!G
# IB&D&!E&I!F&!G
#  IBLANK );
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Mon Sep 9

Device Utilization Chart

08:25:55 19:2

Page 3
ABEL 5.10

KNVRTR1

P18CVv8 Chi p Di agram

P18CV8

—— e — . ——————————————————

SI GNATURE: N A
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Page 4
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08: 25:55 19: 2

KNVRTR1

P18CV8 Resource All ocati ons:

Devi ce | Resource | Desi gn |
Resour ces | Avail able | Requirenent | Unused
_ | | |
| nput Pins: | | |
| I I
| nput : | 10 | 8 | 2 ( 20 %9
I I I
Qut put Pi ns: | | |
| | I
In/CQut: | 8 | 4 | 4 ( 50 %9
Qut put : | - | - | -
| I I
Buri ed Nodes: | | |
| | I
I nput Reg: | - | - | -
Pi n Reg: | 8 | 0 | 8 (100 %
Buri ed Reg: | - | - | -
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Page 5
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08: 25:55 19: 2

KNVRTR1

P18CV8 Product Terns Distribution:

Si gnal | Pin | Ternms | Terns | Terns
Nane | Assigned | Used | Max | Unused
a | 12 | 1 | 8 | 7
b | 13 | 2 | 8 | 6
c | 14 | 4 | 8 | 4
d | 15 | 6 | 8 | 2
==== Li st of |nputs/Feedbacks ====

Si gnal Nanme | Pin | Pin
Type
A | 7 | | NPUT
B | 6 | | NPUT
C | 5 | | NPUT
D | 4 | | NPUT
E | 3 | | NPUT
F | 2 | | NPUT
G | 1 | CLK/ I N
BLANK | 8 | | NPUT
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Page 6
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08: 25:55 19: 2

KNVRTR1

P18CV8 Unused Resources:

Pin | Pin | Pr oduct | Flip-flop
Nunmber | Type | Ter s | Type
9 | [INPUT | - | -
11 | I NPUT | - | -
16 | BIDIR| NORVAL 8 | D
17 | BIDR| NORVMAL 8 | D
18 | BIDIR| NORVAL 8 | D
19 | BIDR| NORVAL 8 | D
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MODULE KNVRTRZ;
TI TLE ' KNVRTR2

DECLARATI ONS

KNVRTR2 DEVI CE ' P18CV8' ;
"I nput pins
GF ED PI' N 1,2,3,4 ;
C, B, A, BLANK PI' N 56,7,8 ;
out put pins
a PI'N 12 ;
a | sType 'comfeed_or, pos’ ;
b PI'N 13 ;
b | sType 'comfeed_or, pos’ ;
c PI'N 14 ;
c | sType 'comfeed_or, pos’ ;
d PI'N 15 ;
d | sType 'comfeed_or, pos’ ;

EQUATI ONS

d=! D&! C&( B$A) #! E&! C&( B$A) #D&! C&! ( B$SA) #E&! D&B&A#C&( B$D) &( BSE
) #! E&C8! B&( A$D) #! E&D&! C

c=A&( C$D) &( D$SE) #! E&! D&B&! A#D&C&B&( E$A) #E&! C&A&! ( D$B) #E&C&! B
&A ;

b=( B$A) & E$D) & C$D) #A&! C&! ( E$D) & ( B$D) #C&! B&! ( E$D) & A$D) #( E
& D& C& B&! A#! E&D&CE&BEA)  ;

a=! E&! C& B& A # ! D&C&! B&! A # D&B&! A&( E$C) # E&! C&B&( D$A)

TEST VECTORS ( [ BLANK, GF,E,D,CBA] ->[ ab,c,d] )
[ 1 ,00000001] ->[ 1,0,0,0]; " 8
[ 1 ,0000001] ->[ 0,1,0,1];: " 5
[ 1 ,000001,0] ->[ 0,0,1,1];: " 3
[ 1 ,000001,1] ->[ 0,0,0,0]; " O



OO MAO N M AO0O0OTMAOOOTMHOONLLMANO

L s N B e R B B B W W B B B M B e e e o o Mo W B s W W B s Mo W Wy |

[ S S Iy TSSO S SS—— S SS_— S_— S_—_—] S__— - S_—_— U__— S_—_— S_—_—y S_— y SU— y SS— S Sy Su ) S y Sk Sh y "’

L B e e N e B B W W Mo W W Mo W e W o Mo s o M W B s Mo W B K e |

L T S T S | S S S ) S

END KNVRTR2
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Page 1
ABEL 5.10 - Device Uilization Chart Thu Sep 19
09: 24:20 19:2

KNVRTR2

I nput files:

ABEL PLA file o knvrtr2.tt3
Vector file  knvrtr2.tnv
Device library : P18CV8. dev

Qut put files:

Report file . knvrtr2.doc
Programmer load file : knvrtr2.jed
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Page 2

Thu Sep 19

Device Utilization Chart

ABEL 5. 10

09:24: 20 19:2

KNVRTR2

P18CV8 Progranmed Logi c:

Ic & !

& A & E
& B & !'A&E

IC& A&!E
B&A&!'E
D&B&'!'A&!'E);
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&mmCDDDI.
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Thu Sep 19

Device Utilization Chart

09:24: 21 19:2

Page 3
ABEL 5.10

KNVRTR2

P18CVv8 Chi p Di agram

P18CV8

—— e — . ——————————————————

SI GNATURE: N A
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Page 4
ABEL 5.10 - Device Uilization Chart Thu Sep 19
09:24:21 19:2

KNVRTR2

P18CV8 Resource All ocati ons:

Devi ce | Resource | Desi gn |
Resour ces | Avail able | Requirenent | Unused
_ | | |
| nput Pins: | | |
| I I
| nput : | 10 | 5 | 5 ( 50 %9
I I I
Qut put Pi ns: | | |
| | I
In/CQut: | 8 | 4 | 4 ( 50 %9
Qut put : | - | - | -
| I I
Buri ed Nodes: | | |
| | I
I nput Reg: | - | - | -
Pi n Reg: | 8 | 0 | 8 (100 %
Buri ed Reg: | - | - | -
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Page 5
ABEL 5.10 - Device Uilization Chart Thu Sep 19
09:24:21 19:2

KNVRTR2

P18CV8 Product Terns Distribution:

Si gnal | Pin | Ternms | Ternms | Terns
Nane | Assigned | Used | Max | Unused
a | 12 | 5 | 8 | 3
b | 13 | 8 | 8 | 0
c | 14 | 8 | 8 | 0
d | 15 | 8 | 8 | 0
==== Li st of |nputs/Feedbacks ====

Si gnal Nanme | Pin | Pin
Type
D | 4 | | NPUT
C | 5 | I NPUT
B | 6 | | NPUT
A | 7 | | NPUT
E | 3 | | NPUT
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Page 6
ABEL 5.10 - Device Uilization Chart Thu Sep 19
09:24:21 19:2

KNVRTR2

P18CV8 Unused Resources:

Pin | Pin | Pr oduct | Flip-flop
Nunmber | Type | Ter s | Type
2 | INPUT | - | -
8 | [INPUT | - | -
9 | INPUT | - | -
11 | I NPUT | - | -
16 | BIDIR| NORVAL 8 | D
17 | BIDIR| NORVAL 8 | D
18 | BIDIR| NORVAL 8 | D
19 | BIDIR| NORVAL 8 | D
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MODULE KNVRTRS;
TI TLE ' KNVRTR3

DECLARATI ONS
KNVRTR3 DEVI CE ' P18CV8' ;
"input pins
GFED PI'N 1,2,3,4 ;
C, B, A, BLANK PI'N 5,6,7,8 ;
"out put pins
a,b,c,d PIN 12,13, 14, 15 ;
a, b,c,d | sType 'coni ;
"equi val ences
HEX I N = [GF ED,CB,A; "set of inputs
DI SPLAY = [a, b, c,d]; "set of outputs
H L, X = 1,0,.X; "rename constants
ANYI NPUT = [ X X, X, X, X, X X];
ANYDI SPLAY = [ X X, X, X];
" 0 ~b0000 ; O
" 1 ~b0001 ; 1
2 "~b0010 ; 2
" 3 ~b0011 ; 3
" 4 "p0100 ; 4
" 5 7~pb0101 ; 5
" 6 ~b0110 ; 6
" 7 "~b0111 ; 7
" 8 ~b1000 ; 8
" 9 ~b1001 ; 9
TRUTH_TABLE ( [ BLANK, HEX IN ] -> DI SPLAY
[ H , 0 ] -> "b0101 ; " 5
[ H , 1 ] -> ~bO111 ; " 7
[ H , 2 ] -> ~b0000 ; " O
[ H , 3 ] -> ~b0101 ; " 5
[ H , 4 ] -> ~b0001 ; " 1
[ H , 5 ] -> ~b1000 ; " 8
[ H , 6 ] -> ~boO111 ; " 7
[ H , 7 ] -> "b0110 ; " 6
[ H , 8 ] -> ~b0101 ; " 5
[ H , 9 ] -> "b0101 ; " 5
[ H , 10 ] -> "~b0110 ; " 6
[ H , 11 ] -> ~bO111 ; " 7

©
N



-> ~p1001

-> ~p0001 ;
-> ~p0011 ;
-> ~p0101 ;

]
]
]
]

12
13
14
15

VO ATOAOOOMMNMNAdOOTOMO

Od OO0 dddcdd 10000
OO0 O0O0O0O0Hdd 01000 -0
OO0 dO0OO0Od0O0dO0O 1041000
T OO 1001000000 d0O
D00 0000000000000
< € € <K<K <LKC<KCKLKC<KCKKKKKC K
NNNNNNNNNANNNNANNNNANNAN
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OMN~NVOOOATAANMITO O~ O
A A A NNNNNNNNNNOMM

[y Sy S S )y S S S S S S— Y SU_— S S_— S S_— _—

-> "p1111111 ;

ANY! NPUT |

L

ONOWOAOMNOOOWONMNOOD ML 0 -

TEST _VECTORS



VO AOOOOMNAdO0OOTOMO

[ R N e W B e B e N e R B By |

[ S W | S | S S S | SO | S S | S ) S S S_—

END KNVRTR3

86



Page 1
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08: 26: 38 19: 2

KNVRTR3

I nput files:

ABEL PLA file D knvrtr3.tt3
Vector file  knvrtr3.tnv
Device library : P18CV8. dev

Qut put files:

Report file . knvrtr3. doc
Programmer load file : knvrtr3.jed
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Mon Sep 9

Device Utilization Chart

'A & B &

ABEL 5. 10

08:26: 38 19:2

KNVRTR3

P18CV8 Progranmed Logi c:

Page 2

o
nbnb_& Q)
—_ —. L —_
o3 o3 O
E.F.&nul.F
O w3
M&&&&F&

Wwow | w
F&&!!&l.
MCD&&E&

—. _ow™ 0o
(@) o3 — 3

m&&!B&CN
&AA&&B&L
A!IAAlBI

O]
mGGMWG
O g
!&&&F&&
&_krr:.l.F_k
FM!!&M!
!D&&EE&
&&EE&!E
CC&&B&M%
s e v
0% %%
<O <<
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Mon Sep 9

Device Utilization Chart

08:26:39 19:2

Page 3
ABEL 5.10

KNVRTR3

P18CVv8 Chi p Di agram

P18CV8

—— e — . ——————————————————

SI GNATURE: N A

89



Page 4
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08:26:39 19:2

KNVRTR3

P18CV8 Resource All ocati ons:

Devi ce | Resource | Desi gn |
Resour ces | Avail able | Requirenent | Unused
_ | | |
| nput Pins: | | |
| I I
| nput : | 10 | 8 | 2 ( 20 %9
I I I
Qut put Pi ns: | | |
| | I
In/CQut: | 8 | 4 | 4 ( 50 %9
Qut put : | - | - | -
| I I
Buri ed Nodes: | | |
| | I
I nput Reg: | - | - | -
Pi n Reg: | 8 | 0 | 8 (100 %
Buri ed Reg: | - | - | -
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Page 5
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08:26:39 19:2

KNVRTR3

P18CV8 Product Terns Distribution:

Si gnal | Pin | Ternms | Terns | Terns
Nane | Assigned | Used | Max | Unused
a | 12 | 7 | 8 | 1
b | 13 | 8 | 8 | 0
c | 14 | 7 | 8 | 1
d | 15 | 8 | 8 | 0
==== Li st of |nputs/Feedbacks ====

Si gnal Nanme | Pin | Pin
Type
A | 7 | | NPUT
B | 6 | | NPUT
C | 5 | | NPUT
D | 4 | | NPUT
E | 3 | | NPUT
F | 2 | | NPUT
G | 1 | CLK/ I N
BLANK | 8 | | NPUT
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Page 6
ABEL 5.10 - Device Uilization Chart Mon Sep 9
08:26:39 19:2

KNVRTR3

P18CV8 Unused Resources:

Pin | Pin | Pr oduct | Flip-flop
Nunmber | Type | Ter s | Type
9 | [INPUT | - | -
11 | I NPUT | - | -
16 | BIDIR| NORVAL 8 | D
17 | BIDR| NORVMAL 8 | D
18 | BIDIR| NORVAL 8 | D
19 | BIDR| NORVAL 8 | D
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APPENDI X B. MATLAB CODE CREATI NG PERFECT WAVEFORMS

[ From Ref 4]
%RSNS8 W TH SHI FTI NG

% LT Nat han York, 15 Decenber 2000

% Cenerates the simulated fol ding waveform Two el enment arrays
assumed.

% Can accept normalized m xer output for conparison to simnulated
wavef or m

% Pl ots folding waveforms for sinulated and nmeasured dat a.

% m = nodulus; d = spacing (nm; f = frequency

cl ear

N=2;

f=8.0e9; c=3e8; wavl =c/f;

k=2*pi / wavl ;

rad=pi / 180;

sf=sqrt(3)/2 % sf is the scale factor

% ffd is forced phase difference to align signal to required zero
Crossing
ffd=45; %original is 45!

% nunber of nmoduli in array design and their val ues
me[ 8 17]; nn¥l ength(mm;

di sp(' moduli are: "),disp(mm

% specify a nmodulus to plot

n=8;

% M is Dynam c Range

M=64;
% nf is nunber of folds
nf=M (2*ntN);

% det ermi nes required el enent spaci ng
d=nf *wavl / sf/ 2;

% start, stop, increnment angles
start=-90; stop=90; inc=0.1;
N=f | oor ((stop-start)/inc)+1;

for n=1:N;
thd(n)=start+(n-1)*inc; thr=thd(n)*rad;
arg(n)=k*d*sin(thr);
% m xer out put
nx(n)=cos(arg(n)+(ffd)*(pi/180));

end

| oad rsnsl4. dat
bot h8=[thd' nx'];
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save sinmu8.dat both8 -ascii

figure(l)

hol d

plot(thd, nx,'b');
plot(rsnsl4(:,1),rsnsl4(:,3),'r")

hol d of f

x| abel (" Angl e of Arrival'),ylabel (' Normalized M xer Cutput');
grid

x|l abel (' Angl e of Arrival (degrees)')

yl abel (' Normal i zed M xer Qutput')

title(['Modulus 8, with ffd ="', nun2str(ffd)])

| egend(' Si nul ated' ,"' Measured', 0)

axis([-90,90,-1,1])

orient | andscape

temp=rsnsl4(:, 3);
tenmpl=rot 90(t enp);
| ef t =t enpl- nx;

zer 0=0;

figure (2)

hol d

plot(thd, mx,'b');
plot(rsnsl4(:,1),rsnsl4(:,3),'r")
plot(thd,left,' g );

pl ot (thd, zero, ' k');

x| abel (" Angl e of Arrival (degrees)')

yl abel (' Normal i zed M xer Qutput')

| egend(' Sinul ated',' Measured',' Di fference', 0)
axis([-90,90,-1,1])

grid

title(" Modul us 8, Measured val ues - Expected val ues')
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[ From Ref 4]
%RSNS17 W TH SCALI NG

% LT Nat han York, 15 Decenber 2000

% Cenerates the simulated fol ding waveform Two el enment arrays
assumed.

% Can accept normalized m xer output for conparison to simnulated
wavef or m

% Pl ots folding waveforms for sinulated and nmeasured dat a.

% m = nodulus; d = spacing (nm; f = frequency

cl ear

N=2;

f =8e9; c¢=3e8; wavl =c/f;
sf=.8746; Y%sqrt(3)/2
k=2*pi / wavl ;
rad=pi / 180;

% ffd is forced phase difference to align signal to required zero
Crossing
ffd=90 %original is 90!

m=17;

% M is Dynam ¢ Range

M=64;

% nf is nunber of folds

nf=M (2*nt¥N) ;
% cal cul ati on of required el enent spacing
d=nf *wavl / sf/ 2;

% start, stop, increnment angles
start=-90; stop=90; inc=0.1;
N=f | oor ((stop-start)/inc)+1;

for n=1: N
thd(n)=start+(n-1)*inc; thr=thd(n)*rad;
arg(n)=k*d*sin(thr);
% m xer out put
mx(n)=cos(arg(n)+(ffd)*(pi/180));

end

| oad rsnsll. dat;
| oad rsnsl4. dat;
| oad PAT9. dat ;

| oad PAT10. dat ;
| oad pat 10a. dat

bot h17=[t hd" nx'];
save sinmul7.dat bothl7 -ascii;

figure(3)
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hol d
plot(thd, nx,'b');

% LABVI EW Qut put has nmod 17 m xer output in second col um.

% Normalization technique puts normalized mxer output in third
col um.

plot(rsnsl4(:,4),rsnsl4(:,6),'r")

hol d of f

x|l abel (" Angl e of Arrival (degrees)'),ylabel (' Normalized M xer Qutput');
grid

title(['Modulus 17, with ffd ="', nun2str(ffd)])

| egend(" Si nul ated' ,' Measured', 0)

x| abel (" Angl e of Arrival (degrees)')
yl abel (' Normal i zed M xer Qutput')
axis([-90,90,-1,1])

orient | andscape

temp=rsnsl4(:, 6);
tenmpl=rot 90(t enp);
| ef t =t enpl- nx;

zer 0=0;

figure (4)

hol d

plot(thd, mx,'b');
plot(rsnsl4(:,4),rsnsl4(:,6),'r")
plot(thd,left,'g")

pl ot (thd, zero, "' k")

| egend(' Sinul ated' ,' Measured',' Difference', 0)
grid

x| abel (" Angl e of Arrival (degrees)')

yl abel (' Nornal i zed M xer Qutput')
axis([-90,90,-1,1])

title(" Modulus 17, Measured val ues - Expected val ues')
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